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Abstract
A plastic scintillator bar with dimensions 300 cm × 2.5 cm × 11 cm was exposed to a focused
muon beam to study its light yield and timing characteristics as a function of position and angle
of incidence. The scintillating light was read out at both ends by photomultiplier tubes whose
pulse shapes were recorded by waveform digitizers. Results obtained with the WAVECATCHER
and SAMPIC digitizers are analyzed and compared. A discussion of the various factors affecting
the timing resolution is presented. Prospects for applications of plastic scintillator technology in
large-scale particle physics detectors with timing resolution around 100 ps are provided in light of
the results.
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1. Introduction
Plastic scintillator detectors have been ex-
tensively used in particle physics experiments
for decades. In large-scale experiments, they
are typically arranged as an array covering a
large surface which can provide a fast trigger
signal or particle identification using the time-
of-flight (ToF) technique. Depending on the
bar dimensions, scintillator type and light read-
out sensor, the time resolution1 for such detec-
tors typically ranges from 50 ps (0.5 m bars of
the ToF system of MICE [1]) to 350 ps (6.8 m
bars of the ToF system of OPAL [2]).
In practice, bars which are made of a bulk
scintillator do not exceed 3 m in length. This
∗E-mail: alexander.korzenev@cern.ch
∗∗E-mail: philippe.mermod@cern.ch
1In this paper, the time resolution is expressed as
the rms value if not otherwise specified.
restriction comes naturally from light attenua-
tion within the plastic and an uncertainty re-
lated to the dispersion of photon path lengths
which becomes dominant for long bars. More-
over, this uncertainty grows exponentially with
decreasing bar thickness [3]. It makes a bar
cross section close to a square shape advanta-
geous in detectors [4, 5, 6, 7]. However, when
a detector covers a large surface, for reasons of
economy, the bar thickness along the beam is
often chosen to be significantly smaller than its
width. In this case the thickness becomes a lim-
iting factor for the precision of the time mea-
surement. Recent examples of detectors using
this type of bars are the trigger hodoscopes sys-
tem in COMPASS [8] and in the NA61/SHINE
ToF detector [9].
Another example of a detector which com-
bines the requirements of a large covered sur-
face and an excellent time resolution is the
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timing detector of the proposed SHiP experi-
ment at the CERN SPS [10]. To efficiently dis-
tinguish between vertices from random muon
crossings and genuine particle decays, the SHiP
timing detector needs to cover a 6 m × 12 m
area with a time resolution of 100 ps or bet-
ter [11] at an affordable price, which is a chal-
lenge. One option considered in the SHiP tech-
nical proposal is an array of 3 m long plastic
scintillator bars with the light collected by pho-
tomultiplier tubes (PMTs) [11]. Another fea-
ture of SHiP is a software trigger running on
an online computer farm, thus favoring the use
of a DAQ electronics which has the particular-
ity to tolerate relatively high event rates and at
the same time allow for each channel to operate
in a self-triggering mode.
Novel types of acquisition electronics which
perform waveform sampling using a switched
capacitor array (SCA) have only recently been
employed in particle physics experiments [12,
13]. The use of an analogue memory which is
added in parallel with a delay line allows for
analog signal sampling at a very high rate. In
addition, having the waveform recorded, one
can extract various kinds of information such
as baseline, amplitude, charge and time. The
measurements presented in this article with a
3 m bar were made with the two acquisition
modules WAVECATCHER [12] and SAMPIC
[13]. The latter is proposed for the data ac-
quisition system for the SHiP timing detector.
The test-bench used here can thus be consid-
ered as a prototype for the design of the timing
detector of the SHiP experiment described in
the technical proposal [11].
The article is organized as follows. The ex-
perimental setup is described in Section 2. Sec-
tion 3 provides a detailed description of the
DAQ electronics. The analysis procedure is
presented in Section 4. The results of the mea-
surements are discussed in Section 5. Finally,
a summary is given in Section 6.
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Figure 1: Schematic top view of the experimental setup.
The outputs of all 6 PMTs are connected to a single
acquisition module.
2. Experimental setup
We present results of test-beam measure-
ments which took place at the CERN PS in
June 2016. The layout of the setup is shown in
Fig. 1. The coordinate system is chosen such
that the z axis is directed along the beam, the
x axis is along the bar and the y axis is directed
vertically in such a way that the coordinate sys-
tem is right-handed. The origin of the system
is at the left side of the bar, in the center of
the yz cross section.
2.1. Plastic bar and PMTs
The scintillator bar was purchased from the
SCIONIX Radiation Detector & Crystals com-
pany [14]. The bar length is 300 cm and its
transverse cross section is 2.5 cm × 11 cm.
The two larger surfaces of the bar (300 cm ×
11 cm) were in contact with a casting form and
had no other preparation. The four other sur-
faces were diamond milled. The choice of plas-
tic was primarily driven by the length of the
bar: EJ-200 provides an optimal combination
of a suitable optical attenuation length, fast
timing and high light output. The properties
of EJ-200 quoted by the producer are: a rise
time of 0.9 ns; a decay time of 2.1 ns; a bulk
attenuation length of 4 m; and a refraction in-
dex of 1.58. The peak in the emission spectrum
resides in the violet region of the visible spec-
trum. As shown in Fig. 2, this spectrum is com-
patible with the sensitivity region of the PMT
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Figure 2: Emission spectrum of EJ-200 [14] (arbi-
trary units) overlaid with the quantum efficiency of
the PMT [15], the reflection efficiency of an aluminum
foil [7] and the attenuation length3 [16] (right axis).
and the reflection efficiency of an aluminum foil
which was used to wrap the bar.
The bar is attached via tapered light guides
to 2” phototubes on both ends. The fast Hama-
matsu R13089-10 PMT [15] is chosen because
of its good time resolution and moderate cost.
It has a linear-focused dynode structure with
8 stages and a typical anode gain value of
3.2 × 105. The voltage divider optimized for
timing applications was provided by the com-
pany. The PMT output signal was coupled di-
rectly to the acquisition module. This results
in a signal amplitude in the range 30−150 mV
(given for the most probable value) which fits
perfectly the dynamic range of the acquisition
modules. The quantum efficiency of the pho-
tocathode as given by the manufacturer is 25%
at the emission peak for the scintillator (see
Fig. 2). Parameters relevant for the precision
time measurements are a rise time of 2 ns and
a transit time spread4 of 230 ps.
The phototubes were pressed towards the
light guides. The probable presence of air gaps
between the photocathode and plastic may
however reduce the amount of photons at large
angles due to total internal reflection. Also, the
3Measurements presented in Ref. [16] are done for
BC-412 which is based on polyvinyltoluene as EJ-200.
4A spread of fluctuations of the transit time for a
single photoelectron [15].
cross-sectional area of the bar is larger than the
area of the photocathode by about 34%. Due
to phase-space conservation of the photon flux
the light output should be reduced by about
the same amount in the case where an interac-
tion took place in the proximity of the PMT.
The bar and PMTs were fixed to an alu-
minum frame which could be moved vertically
and horizontally with respect to the beam.
2.2. Beam and trigger system
Measurements were carried out using a
10 GeV/c muon beam produced by interactions
of 24 GeV/c protons from the CERN PS accel-
erator with closed shutters at the T9 beam line
of the East Hall.
The trigger was formed by the coincidence of
signals from two beam counters installed 50 cm
up- and downstream with respect to the bar
under test as shown in Fig. 1. The counters
are shaped as cubes with 2 cm sides made of
a fast EJ-228 scintillator with rise and decay
constants 0.5 ns and 1.4 ns, respectively. They
were coupled to 1” PMTs (Philips Xp2972)
from two sides via 5 cm long light guides.
The trigger time is calculated as an average
of the measurements of all four trigger PMTs.
This time is used as a reference for the measure-
ment of the counter under test. The resolution
of the trigger system is derived from the width
of a distribution of the time difference between
the time measurements by up- and downstream
counters. It is found to be 40 ps. Another
contribution to the trigger time resolution is
associated with a finite size of the beam coun-
ters. It was estimated to be 36 ps assuming
a uniform distribution of the beam within the
counter area. Both contributions are further
subtracted in quadrature from the uncertainty
obtained with the counter under test.
3. DAQ electronics
The major design criterion for the DAQ sys-
tem is an internal time resolution which has
3
to be much better than the expected reso-
lution of the scintillator counter. The cho-
sen electronics modules WAVECATCHER [12]
and SAMPIC [13] are based on waveform dig-
itizer ASICs which have been developed by
LAL and IRFU teams since 1992. The technol-
ogy employs a circular buffer, based on arrays
of switched capacitors (SCA) which record an
analogue signal at very high rate. The time in-
formation is extracted with an interpolation of
samples in the leading edge of the signal which
permits reaching a timing accuracy of about
5 ps5. Fast detectors for ToF measurements
thus represent a natural target for these digi-
tizers.
In both modules, common clock and trig-
ger signals can be provided externally. Besides
that, each channel also integrates a discrimi-
nator that can trigger individually or partici-
pate in a more complex trigger. This capabil-
ity makes these digitizer modules very suitable
for a test bench experiment since no extra elec-
tronics are required for the trigger. The digitiz-
ers combine in a single module the functions of
TDC and ADC, and allow to perform a dig-
ital constant fraction discrimination (dCFD)
which, in the case of the WAVECATCHER,
is a part of the firmware.
The desktop versions of the acquisition mod-
ules were used. They house the USB2 inter-
face which permits a connection to PC with
480 Mbit/s. The acquisition software runs un-
der Windows saving data directly on disk.
The analogue signal sampling in WAVE-
CATCHER is based on the SAMLONG SCA
[12]. The chip was designed with the AMS
CMOS 0.35-µm technology and houses two
fully differential channels. The bandwidth of
500 MHz is well suited for detection of very
short pulses. An analogue signal is sampled
5The value indicates the measured resolution of the
ASICs. It was obtained by splitting a generated pulse
between two channels and delaying one of them [12, 13].
The resolution is defined as the measured jitter on the
time difference between the two pulses.
at a rate which can be set between 0.4 and
3.2 GS/s. Voltages stored in capacitors are
further digitized with commercial ADCs at a
much lower rate (10 to 20 MHz). This results
in an overall readout dead time of about 120 µs
for the full sampling depth of the circular buffer
which comprises 1024 cells. However one can
define for the readout an interval of interest
which can be a subset of the whole buffer. The
board is DC-coupled with a dynamic range of
2.5 V and adjustable offsets are coded over 16
bits. In the acquisition of data presented here
the desktop module with 8 channels running at
3.2 GS/s (buffer depth 320 ns) has been used.
The SAMPIC acquisition module is based on
the cognominal ASIC designed to be the first
TDC directly working on analogue signals [13].
SAMPIC was developed in the frame of the
R&D project aiming at a Waveform and Time
to Digital Converter (WTDC) multi-channel
chip. It was initially intended to address needs
for high precision timing detectors (5 ps) re-
quired by ATLAS AFP and SuperB FTOF.
SAMPIC is a 16-channel ASIC designed with
the AMS CMOS 0.18-µm technology. Each
channel associates a DLL-based TDC provid-
ing a raw time with a 64-cell ultra-fast analogue
memory sampling up to 10.2 GS/s thus assur-
ing high-resolution timing information. Ana-
logue data are digitized by an on-chip ADC
(8 to 11 bits). The relatively small sampling
depth allows for a low dead time, around 1.5 µs
when using the ADC in the 11-bit mode and of
the order of 0.2 µs in the 8-bit mode. The
chip is designed to offer a signal bandwidth of
1.5 GHz and a usable dynamic range of 1 V.
In the work presented here SAMPIC was ex-
ploited at the 3.2 GS/s sampling rate. The typ-
ical width of a signal in the scintillator counter
is 25 ns. Thus, SAMPIC is generally not able
to record the full signal waveform, but the sam-
pling depth of 20 ns is enough to determine the
baseline and cover the front edge of the signal.
The sampling rate can in principle be lowered
to 1.6 GS/s which would increase the time win-
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Figure 3: Superposition of distributions of time regis-
tered by PMT1 for different positions of an interaction
point along the x axis.
dow by a factor of two.
Each SAMPIC channel integrates a discrim-
inator which, contrary to WAVECATCHER,
can trigger itself independently of other chan-
nels. This mode was used in the data tak-
ing. Coincidence of reference counters has
been checked offline and selects about 1% of
recorded events. The rest of the data represent
interactions from muon pile-up and cosmics.
4. Analysis
The time resolution of the counter is studied
using either WAVECATCHER or SAMPIC as
a function of the position of a charged-particle
interaction either along x or y axis and angle
of incidence of the particle trajectory. The
counter was exposed to the muon beam to
collect about two thousand triggers for every
point, after which the bar was manually either
shifted or rotated to the next position. Mea-
surements were done for 15 points along the
x axis of the bar6. For each of these, two
measurements were made: one at the center
y = 0 cm and another at the edge y = 4 cm.
6Two extra points at x = 2 cm and x = 298 cm
at y = 0 cm were taken at the end of the run with
WAVECATCHER.
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Figure 4: Typical waveforms of a signal detected by
PMT1 and PMT2 and recorded by WAVECATCHER
at x = 250 cm. Crosses show signal times at a fraction
0.14 of the pulse amplitudes.
Rotations were performed only for a beam po-
sition at the center of the bar, with 8 different
angles between 40◦ and 90◦ in the horizontal
xz plane and three different angles between 60◦
and 90◦ in the vertical yz plane.
In the analysis, the time t corresponding to
either PMT1 or PMT2 is the measured time
subtracted from the reference time (defined as
the mean value of the times registered by the
two trigger counters). Examples of time spec-
tra as measured for different positions along
x are shown in Fig. 3. The time spectra can
be reasonably approximated by Gaussian func-
tions. For each position, the variance and the
mean of the function were used to obtain the
time resolution and the peak position of the
distribution.
There are several techniques for the extrac-
tion of time from the sampled waveforms [17].
However it was shown that results obtained
with a digital constant fraction discrimination
technique typically show a better time resolu-
tion [18, 19]. In the dCFD approach the sig-
nal time is determined by the crossing point of
the interpolated digitized signal at the thresh-
old which, in turn, is a constant fraction of the
pulse amplitude.
The variance of time measurements can be
5
expressed as [19]
σ2t =
( σu
du/dt
)2
+ Const, (1)
where σu is a variance of the measured volt-
age and du/dt is a slope of the rising edge of
a signal. Const is an uncertainty due to the
limited precision of measurements (for instance
the TDC jitter) which is independent of a sig-
nal.
Waveforms of typical signals detected by
PMT1 and PMT2 at x = 250 cm and recorded
by the WAVECATCHER are shown in Fig. 4.
Two methods are applied to determine the
crossing point of dCFD. In the first method
a linear interpolation between two neighbor-
ing samples is utilized. In the second method
a Gaussian function is used to approximate a
part of the waveform which includes eight con-
secutive samples. The second method can give
an advantage in the case of a smaller number
of detected photons resulting from long signal
propagation along the bar. Indeed, if σu is
dominated by statistical fluctuations the fit can
improve the precision. On the other hand, if
the signal propagation distance is short and, in
turn, the statistical contribution to σu becomes
less significant, the correlation effect between
samples [19] negates the improvement due to
the fit, leading to no significant difference be-
tween the two methods.
The value of the dCFD fraction should be
chosen as a compromise between growing fluc-
tuations σu of the rising amplitude and an
improving steepness of the slope du/dx (see
Eq. 1). A scan is performed in the interval
0.04 − 0.7 to determine the optimal fraction.
The time resolution of the counter as viewed
by PMT1 as a function of the dCFD fraction
is shown on Fig. 5. The optimal value depends
weakly on the distance between the interaction
point and the PMT. For the analysis presented
in this work 0.14 is chosen. This fraction is
indicated by crosses on top of the graphs in
Fig. 4.
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5. Results
The dependency of the measured time ver-
sus position of the crossing point along the bar
as viewed by both PMTs is shown in Fig. 6.
The graphs are approximated by linear func-
tions whose slopes represent the effective av-
erage speed of light along the x axis, which is
found to be veff = 16.1 cm/ns. Using the re-
fraction index of the plastic one can convert
this value into the effective average reflection
angle: θeff = 32.1
◦.
As one can see in Fig. 6, points lie above
the lines for interactions taking place nearby
a PMT (t ≈ 0 ns) and they go below for in-
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viewed by PMT1.
teractions which are closer to the bar center.
In order to understand this behavior we calcu-
late veff and θeff as a function of distance.
Results are shown in Fig. 7. The value of
veff in the proximity of the PMT is 14 ns/cm
(θeff = 43
◦). It increases up to 16 ns/cm
(θeff = 32
◦) at x = 180 cm and stays rather
unchanged until the end of the bar. Presum-
ably this effect can be explained by the fact
that photons at larger angles with respect to
the surface of the bar have to travel longer dis-
tances before reaching the PMT, and are there-
fore more strongly affected by attenuation.
The time resolution as a function of longitu-
dinal distance at y = 0 cm obtained in mea-
surements with WAVECATCHER is shown in
the left panel of Fig. 9. The time of dCFD
was extracted from the fit to the waveform as
described in the previous section. The advan-
tage of this method is demonstrated in Fig. 8
which shows the ratio between the resolution
obtained with the fit method and the resolu-
tion obtained using a linear interpolation. The
former provides better precision by 2% in the
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Figure 8: Ratio of the time resolution obtained with
the fit method and that obtained using a linear inter-
polation in the dCFD technique. Data were recorded
by a single PMT. The line represents a fit by a linear
function.
proximity of the PMT, and the improvement
reaches 8% for the case of an interaction tak-
ing place at the far end of the bar.
The time resolution of an individual PMT
evolves from 80 ps for the crossing point near
the phototube to 320 ps for the light propaga-
tion along the 280 cm distance. A slight im-
provement of the resolution is observed in case
of the crossing point being at the proximity of
300 cm. This could possibly be an effect of
light reflected backwards. A similar effect was
observed in Ref. [4]. The distribution is approx-
imated by an analytic function (sum of two ex-
ponential functions and a constant) which is
shown by a solid curve in Fig. 9.
Measurements of time done by the two
PMTs on both ends of the bar can be com-
bined in two different ways. In the case where
the position of the crossing point between the
particle trajectory and the bar is unknown, the
time of the interaction can only be calculated
as a simple average
taver =
t1 + t2
2
(2)
where t1 and t2 are the times measured by
PMT1 and PMT2, respectively. On the other
hand, in a real experiment the crossing point
can be well determined by other precision
tracking detectors. In our case the interaction
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Figure 9: Time resolution as a function of a distance obtained in measurements with WAVECATCHER (left) and
SAMPIC (right), resulting from the dCFD analysis with a fit of the signal rise edge. The bar resolution obtained
using a simple average and a weighted average of the signals from the two PMTs are also shown. Solid curves
represent results of the empirical fit. They are used to calculate parameters of the dashed curves which correspond
to the average resolutions.
point is defined by the position of the reference
trigger counters. Therefore one can weight the
measurements of PMT1 and PMT2 according
to their uncertainties σ1 and σ2
tweight =
t1/σ
2
1 + t2/σ
2
2
1/σ21 + 1/σ
2
2
(3)
The time resolutions extracted from fits of the
distributions obtained with Eq. (2) and Eq. (3)
are shown in Fig. 9 by open and full diamond
symbols, respectively. Both approaches pro-
vide 133 ps resolution in the central region of
the bar. On the other hand, in the outer parts
of the bar the phototube which is closer to the
crossing point makes possible a substantially
better resolution. In this region the weighted
average provides a significant advantage, with
a time resolution of 80 ps, while the resolution
of the simple average is around 160 ps. There-
fore, the time resolution of the bar can be re-
garded as being 150 ps for the simple average
and 100 ps for the weighted average approach
over the entire bar length of 3 m.
The time resolution as a function of longitu-
dinal distance at y = 0 cm obtained in mea-
surements with SAMPIC is shown in the right
panel of Fig. 9. The time resolution of the bar
when measured by a single PMT varies from
80 ps to 340 ps. The resolution in the center of
the bar, when calculated as an average for two
PMTs, is found to be 140 ps. The slight dif-
ferences in the values obtained with SAMPIC
and with WAVECATCHER are mostly a con-
sequence of a shorter waveform recorded by
SAMPIC. The ratio of the two is shown in
Fig. 10.
5.1. Resolution vs transverse coordinate
The time resolution of the bar was studied
as a function of y, using a second scan with
the position of the bar shifted by 4 cm upward.
The ratio of the time resolutions obtained in
scans at y = 0 cm and y = 4 cm is shown in
Fig. 11. A fit with a constant function gives a
value compatible with 1, showing that the shift
does not alter the time resolution.
5.2. Phenomenological analysis
In order to quantify the effects discussed at
the beginning of this section, a phenomenolog-
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ical analysis is performed to describe the reso-
lution σt in terms of physics-motivated contri-
butions.
The time resolution as a function of the
light propagation distance l can be decomposed
as [20, 3]
σt(l) =
√
σ2sci+PMT
N(l)
+
(σlength · l)2
N(l)
+ σ2el (4)
where the parameter σsci+PMT represents a
contribution from a spread of the photon emis-
sion time of the scintillator and the time jit-
ter of the PMT; σlength accounts for a time
spread due to the light transmission; and σel
is the contribution which is independent of the
light strength, such as a noise of the readout
electronics. The number of observed photo-
electrons N depends on distance and can be
directly extracted in the experiment.
The most probable value of the pulse height
spectrum is shown in Fig. 12 as a function of
the light propagation distance. One can dis-
tinguish several regions. The distribution falls
down more steeply for the first 20 cm. It could
be explained by a strong dependence of the
attenuation length on the photon wavelength
as shown in Fig. 2, i.e. the contribution of
short-wavelength photons is significant for the
short propagation of light and rapidly dimin-
ishes at larger distances. The behavior of the
light transmission at larger distance is mainly
dictated by photons which undergo total inter-
nal reflection, traveling therefore a much longer
distance inside the plastic. For total reflection,
the angle between the photon trajectory and
the surface of the bar has to be smaller than
90◦ − asin(1/n) = 51◦, where n = 1.58 is the
refraction index of the plastic. When fitting by
a sum of two exponents one obtains the effec-
tive attenuation length λ = 184.2 cm for this
region. For the last 50 cm of the bar the atten-
uation is not observed.
In order to estimate the number of pho-
toelectrons collected by phototubes the pro-
cedure described in Ref. [4] is applied. The
number of detected photoelectrons is assumed
to be proportional to the signal amplitude.
The spread of the asymmetry of amplitudes of
PMT1 and PMT2 signals provides a lower es-
timate for the number of photoelectrons. The
procedure results in N1 = N2 = 132 at the cen-
ter of the bar. This value is used to rescale the
amplitude distribution to that of the number
of photoelectrons which, in turn, is used in the
fit of the time resolution σt(l) with the function
of Eq. (4).
The distribution of the time resolution for
PMT1 overlaid with the fitting function is
shown in Fig. 13. At short distance the res-
olution is driven by the photoemission proper-
ties of the plastic. The PMT also contributes
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The circles represent data and the solid curve shows the
result of the phenomenological fit from Eq. (4). Differ-
ent contributions are shown as lines of different styles.
to this uncertainty via the transit time spread
but at a much lower level. The value obtained
from the fit is σsci+PMT = 1.62 ± 0.03 ns. In
the middle of the bar the contribution of the
path length dispersion becomes equal in size
with the photoemission spread. This contri-
bution is linear in distance and it enlarges the
uncertainty as σlength = 0.88± 0.02 ns/m. The
last term which reflects the contribution from
the readout electronics, σel, is not significant.
The fitting function is able to approximate rea-
sonably the time resolution except as the point
at the far end of the bar. This improvement of
the resolution is likely to be due to the pres-
ence of reflected light and is not described by
Eq. (4).
5.3. Resolution vs incident angle
The behavior of σt as a function of the angle
between the surface of the bar and the beam
trajectory is also studied. To do so the bar
was rotated in either the horizontal xz or the
vertical yz plane. The time was calculated as
an average between measurements of the two
PMTs at the center of the bar. Results are
presented in Fig. 14.
There are two effects which can be discussed
in this respect. The track length inside the
bar gets longer in case of the oblique inci-
dence, thus the number of emitted photons in-
creases proportionally and the time resolution
improves as a square root of this number. In-
deed the measurements follow a
√
sinφ behav-
ior for the rotation in the vertical plane. In
case of the rotation in the horizontal plane, an
additional uncertainty comes from the fact that
the entrance and exit points of a track are lo-
cated at different distances from the PMT. It
increases the rise time of a signal, thus wors-
ening the time resolution. As it can be seen in
Fig. 14, the resolution does not change in the
interval from 50◦ to 90◦, which presumably in-
dicates a compensation between the increase
of the number of photons and the smearing
of the signal rising edge. This observation is
in general agreement with results presented in
Refs [4, 7]. The resolution improves for an-
gles smaller than 50◦. In this region a measur-
able fraction of Cherenkov photons can reach
one of PMTs without reflections. The num-
ber of Cherenkov photons increases for smaller
values of angle which presumably explains the
improved time resolution.
6. Conclusions
The timing properties of a plastic scintilla-
tor counter with dimensions 300 cm × 11 cm
× 2.5 cm were studied in detail using the test-
beam facility of the East Area of the CERN
PS. Two waveform digitizer modules, WAVE-
CATCHER and SAMPIC, were exploited for
the data acquisition.
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The time resolution of the counter when
measured by a single PMT varies from 80 ps
to 320 ps and from 80 ps to 340 ps in case of
WAVECATCHER and SAMPIC, respectively.
The resolution in the center of the bar, when
calculated as an average of the two PMTs, is
found to be 133 ps and 140 ps for the two DAQ
modules, respectively. The behavior of the res-
olution as a function of the light propagation
distance was successfully parametrized with a
physics-motivated model. Measurements along
the central line of the bar show the same time
resolution as those displaced by 4 cm from the
central line. The behavior of the time resolu-
tion versus incident angle for rotations in hor-
izontal and vertical planes was also discussed
and understood.
These results confirm that the use of long
scintillator counters can provide a time resolu-
tion of approximately 100 ps for a large-scale
detector used in particle physics experiments.
The SAMPIC waveform digitizer appears to be
adequate for such applications, especially if a
self-triggering capacity and a tolerance for high
signal rates is desired.
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